Damage to the surrounding rock during blasting either in underground or surface excavation, is a growing concern today. It has been found that the integrity of rockmass is reduced significantly from pre to post blast condition due to disregard paid to the surrounding rockmass. For exercising suitable engineering controls accurate measurement of the same is a prerequisite. To delineate the blast-induced rock damage zone seismic imaging technique can be used. Seismic imaging is a non-destructive method to determine the field seismic velocity of the rockmass for its characterisation. Further, it is considered that the blastinduced ground vibration is the root cause of rock damage due to structural dilation and should be controlled to localize its effect. Different researchers have related ground vibration to damage to arrive at the thresholds levels of damage. However, the accuracy in measurement/estimation of extent of damage is always a concern. This paper presents a case in which the seismic imaging technique was successfully used to delineate the extent of rock damage extent. The damage zone was also correlated with the vibration model developed to establish the same for its direct use in damage assessment.
Introduction
Wall as well as roof damage control is assuming a greater role these days due to deeper pits requiring sound back walls and larger tunnels requiring minimum overbreak. Control of the same has a significant impact on economics of tunneling, mining, ore quality and safety. In-field seismic velocity (P-wave) has been found to be an important rockmass integrity descriptor (McKenzie et al., 1982) . Rock characterization using exploration seismographs is gaining popularity, particularly, for shallow depths (Maxwell and Young, 1993) . This technique can be used for imaging the rock for its P-wave velocity utilizing seismic refraction technique. Comparing a set of pre-blast and post-blast seismic images helps to delineate and define damage zones with a better accuracy. However, the degree of damage delineated from seismic imaging and the threshold PPV values needs to be correlated for their apt use. Till date, seismic imaging technique is not used much to characterize blast-induced rock damage except in a case study reported by Maxwell and Young 1993 in which seismic tomography was carried out. This research work is, thus, unique in utilizing seismic imaging technique for blast-induced rock damage delineation and the results of which are reported here in under. Peak particle velocity (PPV) is a well established criterion to relate rock/structural damage caused due to blasting. Different researchers have come out with numerous mathematical/ statistical models to assess the threshold level of peak particle velocity for different degrees of rock damage. To assess the blast-induced rock damage nearfield PPV models were developed by Holmberg and Persson (1979) and Dey (2004) .
Theory of Seismic Characterisation
Seismic refraction method consists of measuring (at known points along the surface of the ground) the travel times of compressional waves generated by an impulsive energy source. The energy source is usually a drop shot or a hammer and the energy is detected, amplified and recorded by special equipment designed for this purpose. The instant of hammering ('zerotime') along with the arriving time of pulses at the fixed geophones located at predetermined distance from source (hammer) are recorded. The raw data, therefore, consists of travel times and distances, and this time-distance information is then manipulated to convert it into the format of velocity variations with depth. The process is schematically illustrated in Fig. 1 .
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All measurements are made at the surface of the ground, and the subsurface structure is inferred from interpretation methods based on the laws of energy propagation. (Redpath, 1973) 
Basic formulation of seismic imaging technique
The propagation of seismic energy through subsurface layers is described essentially by Snell's Law and this, together with the phenomenon of "critical incidence", is the physical foundation of seismic refraction surveys. The critical angle of incidence is fundamental to the derivation of the formulae for refraction exploration. Although, the exact mathematical and physical description of what occurs when a ray is incident at the critical angle is complex, it is entirely adequate to assume that the critically refracted ray travels along the boundary between the two media at the higher of the two velocities. Further, as the critically refracted ray travels along the boundary, it continually generates seismic waves in the lower-velocity (upper) layer that depart from the boundary at the angle of critical incidence. In the literature, these waves are frequently referred to as head waves. As the velocity of the layers increase with depth, (which frequently occurs for damaged and intact rock) a portion of the energy will eventually be refracted back to the surface, where it can be detected.
A simple case is discussed here to understand the seismic imaging technique, in which, two layers (top layer is damaged or of lower seismic velocity) with plane and parallel boundaries (Fig. 2) exist. A hammer acts as seismic source at 'A' and the energy is detected by a set of geophones laid out in a straight line along the surface. The arrival times of the impulses are plotted against the corresponding shot-to-detector distances as shown in Fig. 2 . The first few arrival times are those of direct arrivals through the first layer, and the slope of the line through these points, ΔT/ ΔX, is simply the reciprocal of the velocity of that layer; i.e. 1/V1 (Redpath, 1973) .
At some distance from the shot, a distance called the critical distance, it takes less time for the energy to travel down to the top of the second layer, refract along the interface at the higher velocity V2 and travel back to the surface, than it does for the energy to travel directly through the top layer. The energy that arrives at the detectors beyond the critical distance will plot along a line with a slope 1/V2. The line through these refracted arrivals will not pass through the origin, but rather will project back to the intercept time. Because both the intercept time and the critical distance are directly dependent upon the velocities of the two materials and the thickness of the top layer, they can be used to determine the depth to the top of the second layer. Referring to Fig. 2 , the arrival time of the refracted impulse at a detector can be computed as given:
Figure 2 -Two-layer parallel boundaries case and corresponding time-distance curve (Redpath, 1973) Consider the travel path ABCD: 
The depth of shot (or hammer) has been ignored in the above derivation and the true depth to the second layer is determined by adding one -half the shot distance to the value of Z 1 .
The intercept-time analysis can be extended to the case of multiple layers, however, only the resulting formulae are given here because their derivations are redundant and may be found in Jakosky (1957) and Dobrin (1960) . The illustration for multiple layer case and corresponding time-distance plot is given in Fig. 3 . The thicknesses of the corresponding layers are given by,
Figure 3 -Multiple-layer case and corresponding time-distance curve (Redpath, 1973) The waves used in seismic imaging are of very short wavelength with periods ranging from 0.01 to 0.10 sec with the corresponding frequencies in the range of 10-100 Hz. Vertical stacking (i.e. the records of 10-15 drops made at one location are stacked together for signal enhancement) is carried out and this facility of stacking is now-a-days available with most of the exploration seismographs (Geode, Stratavizor etc.). Exploration seismograph essentially utilizes geophones for detecting seismic signals. The natural frequency of the geophones used in seismic survey for long refraction profiles may be as low as 2 Hz. Now-a-days piezoelectric geophones are also available.
A multi-channel seismic recorder (24 channel 24 bit Stratavizor-NZ) of Geometrics Inc. USA (Fig. 4) has been used for field investigations. This instrument helps in measuring, analyzing and plotting P-wave velocity profiles against the depth. The same has been measured in pre and post blast condition in model blasts using split-spread configuration, in which the source (hammer) is kept in the center of the geophone array. After acquisition of the refraction data the first arrival events are picked and then interpretation is carried out using Seis-optim software. The imaging technique is based on simulated annealing. The inversion is carried out for five iterations providing a clear picture of the sub-surface representing depth versus velocity structure. The specifications of the instrument used are given in Table 1 . 
Delineating Blast Damage Using Seismic Imaging
Blast damage surrounding a blast hole has been modeled through a crater blast experiment. A 12 m span of a bench was selected and seventeen geophones were planted to the bench top by grouted spikes at an interval of 0.75 m between two successive geophones for carrying out the pre and post blast seismic velocity survey. Split -spread array was used to carry out seismic refraction survey using hammering as a source to generate P-waves. For sufficient signal enhancement ten stacks were made to arrive at the P-wave velocity of in-situ rockmass. Using Seis-Optim software the signals were processed to generate a depth versus P-wave velocity profile of the bench. The seismic imaging output has been shown in a coloured pattern where different colours represented different P-wave velocities.
The schematic layouts of the geophone placement in pre and post blast survey are shown in Fig. 5 and Fig. 6 respectively. Four blast holes each of 1 m depth were drilled at a spacing of 3 m and the blast holes were numbered as BH1, BH2, BH3 and BH4 as shown in Fig. 5a and shall be referred to accordingly henceforth. Initially, pre-blast seismic survey was carried out and the P-wave velocity profile was generated as shown in Fig. 7a . This will serve as the basis for comparison of pre and post blast P-wave velocity values.
The blast holes, BH1, BH2, BH3 and BH4 were loaded with an explosive charge quantity of 350 gms, 500 gms, 375 grams and 250 gms respectively. Thus, different design variables were set for different blast holes. Blasting of the holes was done one at a time and the crater area was physically measured (Fig. 5b) for arriving at the blast damage envelop. Post-blast seismic imaging of the bench was also carried out to delineate the effect of blasting on rockmass around the blast holes and the results are shown in Fig. 7b . P-wave velocity (pre and post) was measured block wise (the size of each block being 0.375 × 0.375 m as shown in Fig. 7a  & b) and is also given as block number-wise in Table 2 . A rockmass is considered to be damaged, if there is a reduction in Pwave velocity values by 25 percent or more from pre to post blast condition (Dey, 2004) . Based on this assumption, the damage contours are drawn along the blocks having such reduction. Blocks having insignificant reduction in P-wave velocity (i.e., less than 25 percent) are considered not damaged.
Peak particle velocities were also monitored at the above experimental sites for developing the generalised ground attenuation equation. From the measured data vibration predictor for the site has been established based on the square root scaled distance (Dey, 2004) and is given by 
Results of Crater Blast Experiments
From the Fig. 5, Fig. 7 and Table 2 following observations can be made : (1) The pre and post-blast P-wave velocity of each block when compared reveals that a significant reduction has occurred due to blasting indicating rock damage surrounding the blast hole.
(2) The measured crater volumes and the damage volumes corresponding to each blast hole were calculated and presented in Table 3 . It is clear that the damage volume is 2 to 30 times the measured crater volume. Reduction in the P-wave velocity, from pre to post-blast, ranged from 16 to 77 per cent. These values, particularly, surrounding the hole BH4 show that the maximum reduction of P-wave velocity is associated with the crater having minimum volume (Fig. 7 and Table 2 ). The charge used in this hole was also the least among the four holes. Thus, it can be inferred that since, the charge was sub-optimum to counter the confinement and effect breakage, hence, caused maximum damage to the surrounding rockmass. For this hole, the damage zone was 30 times the measured crater volume. As the charge was optimum in BH1, damage volume was almost controlled (Fig. 7 and Table 2 ). In the hole BH3, the charge used was same as that of the hole BH1. However, damage was more because of the poor rock quality (lower P-wave velocity) as observed from the pre-blast seismic image. The actual crater volume was also more. BH2 was overcharged and hence, caused larger damage zone coupled with fly rock (Fig. 7 and Table 2 ). 3) It is also clear that there was insignificant (< 25%) reduction in P-wave velocity (between pre and post blast) from block A30 to A33 (Fig. 7 and Table 2 ). This indicates that the blast-induced damage in the hole BH4 could not reach these zones and thus, can be considered as the reference boundary for the computation of damage envelop.
(4) Some anomalies in the post-blast seismic imaging occurred especially in the blocks between C15 -C18 and D15 -D19 and thus, P-wave velocity values could not be measured during seismic survey (Fig. 7 and Table 2 ). This may be due to the generation of cracks from the charges used in blast holes BH2 and BH3, which probably might have isolated these blocks.
(5) It has been found that the blocks between BH2 and BH3 exhibited an increase in P-wave velocity values from pre to post blast imaging instead of decreasing ( Fig. 7 and Table 2 ). This may be due to compaction of the area under the influence of neighbouring charges. It may also be noted that the area was previously the weakest zone of all and the holes were charged with more explosive.
(6) The influence of charge quantity on rock damage has been assessed from this experiment so as to estimate the optimum charge value for minimizing blast damage. However, due to lack of sufficient data sets, it was not possible to establish a definite relationship. An indicative relationship has been attempted from this meager four data and the optimum charge was found to be around 435 gms, which was in close agreement with the actual charge (i.e. 375 gms) that was used in Blast Hole 1 causing lower rock damage. The relationship is presented in Fig. 8 . Thus, it is evident that the pre and post-blast seismic imaging could become an effective tool to measure the damage surrounding a blast hole and also help in controlling charge quantity for minimizing rock damage.
It is observed from Fig. 4 .8 that reduction in P-wave velocity is maximum when the charge used per hole was either suboptimum or in excess. At optimum charge (435 g) the reduction in P-wave velocity is minimum (Dey, 2004) .
Results of Ground Vibration Modelling
Using the propagational constants (K, α, β) obtained from the previously established vibration predictor formula, the threshold level of PPV has been estimated for the damage zone identified in the seismic image. It has been considered that the A31 block represents the boundary of the damage zone. Thus, the estimated threshold values of PPV for damage have been obtained using Holmberg and Persson (1979) near-field model is given by, The calculated threshold value of PPV is given in Table 4 . Dey (2004) developed a technique to establish the damage zone, which is a function of R 0 and Z and is given by, (Table 4 )and using method proposed by Dey (2004) , the damage envelop can be plotted for different R 0 and corresponding Z values as shown in Fig. 9 for BH4, which closely resembles that of the envelop obtained using seismic image. However, for the other blast holes, damage zones are found overlapped and hence the accurate damage zone could not be predicted though there is a similar trend in damage zones. 
Conclusion
Assessment of rockmass damage in blasting carried out in surface and underground mines as well as tunnels is of vital significance for increased safety and productivity. A scientific basis has been discussed in this paper relating the ground vibration threshold levels and reduction in rockmass quality through seismic velocity measurements. Damage zone, identified from the postblast seismic imaging, is 2 to 30 times larger than the physically measured crater volumes. This shows that the damage zone is much larger than the visible crater (overbreak) zone. It was also interesting to note that where the explosive charges were suboptimum the reduction in P-wave velocity was more i.e. 77 percent (BH4). This suggests that optimum explosive charges have an important role in reducing blast-induced rock damage. Nonetheless, from the above modeling results it can be conclusively said that the extent of blast-induced rock damage (overbreak) can be modeled accurately with the near-field vibration model and seismic velocity imaging technique.
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